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 We study the breakthrough pressures (operating ranges) of capillary microseparators.
 Capillaries with either constant or tapered cross-sectional area are considered.
 Gas-to-liquid breakthrough pressure is in qualitative agreement with theory.
 Liquid-to-gas breakthrough pressure depends nonlinearly on the ﬂow rate.
 A new theoretical approach that captures such nonlinear behaviour is developed.
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a b s t r a c t
An experimental and theoretical study of capillary gas/liquid phase microseparators is presented.
The device studied comprises a main microchannel with a set of capillaries fabricated to each side so that
the liquid (wetting) phase can be separated from the gas (non-wetting) phase due to capillary effects.
Different units are employed with different characteristics of capillaries (constant or tapered cross-
sectional area and capillary size). We study how complete separation depends on the externally
controlled pressure difference at the liquid and the gas outlet and how separation is affected by the
imposed inlet ﬂow rate. The results demonstrate that the operability pressure window becomes
narrower as the ﬂuid ﬂow rates increase, and reveal discrepancies with theoretical predictions based
on a simple Hagen–Poiseuille formulation. This is addressed by a new equation that takes into account
interface curvature effects, and is found to be in qualitative agreement with the experimental results. In
addition, we perform CFD simulations observing the emergence of interface breaking at high ﬂow rates.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Microchemical processing devices offer important advantages
over more traditional large-scale technologies including small
operating volume, ease of use, and excellent control of the ﬂuids
involved. As a result, they have seen an explosive growth over the
past decade with a wide spectrum of applications found not only
in engineering and technology (Hessel et al., 2005; Geschke et al.,
2004) but also in biological, chemical and physical settings (see
e.g. Squires and Quake, 2005; Whitesides, 2006; Sahoo et al., 2007).
For multistep chemical synthesis, where reactors are integrated
with separation units, often phase separation between gas/liquid
or liquid/liquid phases needs to be accomplished. Such a phase
separation is typically based on surface forces and associated
capillary phenomena (Krajl et al., 2007; Gaakeer et al., 2012;
Bannock et al., 2013; Adamo et al., 2013; TeGrotenhuis and
Stenkamp, 2001; Günther et al., 2005; Hsieh et al., 2006; Kraus
and Krewer, 2011; Hartman et al., 2009; Castell et al., 2009).
A typical device consists of a series of small capillaries regularly
spaced which are interconnected to a main microchannel for
which a gas–liquid (multiphase) ﬂow is passing through.
The capillaries can be microfabricated as part of the separator or
be present in passive membranes sandwiched between inlet and
outlet microchannels (TeGrotenhuis and Stenkamp, 2001; Günther
et al., 2005; Hsieh et al., 2006; Kraus and Krewer, 2011). Capillary
pressure is used to exclude the gas (non-wetting) phase from
entering the small channels while the liquid (wetting) phase
ﬁlls the capillaries. In this situation we have complete phase
separation and the microdevice works efﬁciently. Achieving this
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requires, however, careful tuning of the control parameters of the
system (Hartman et al., 2009; Castell et al., 2009). For a given inlet
ﬂow rate, for instance, one usually needs to ﬁnd the operating
range of the pressure difference between the gas outlet and the
liquid outlet, the limits of which are determined by the gas-to-
liquid breakthrough pressure difference (i.e. the critical pressure
difference above which the gas phase starts to appear in the liquid
outlet) and the liquid-to-gas breakthrough pressure difference (i.e.
the critical pressure difference below which the liquid phase
appears in the gas outlet).
Despite the use of capillary microseparators in continuous ﬂow
conditions there has not been as of yet a clear understanding of
what the operating ranges are (i.e. breakthrough pressure differ-
ences), and in particular how these ranges depend on the imposed
ﬂow in the system.
In this paper, we perform a detailed experimental study to
investigate how pressure operating ranges are affected by ﬂow. A
theoretical analysis for the liquid to gas breakthrough limit and
exploratory CFD work are used to provide insight into the opera-
tion of such devices.
2. Background
The main feature of downsizing a separator is that as the
capillary's cross-sectional area is reduced the capillary pressure
increases, and the pressure drop across the channel also increases
which in turn makes the separators efﬁcient devices at the
microscale. In a gas–liquid system, gas will be excluded from the
capillaries as long as the pressure difference between both phases,
i.e. ΔP ¼ PGPL, is less than the gas-to-liquid breakthrough
pressure difference ðΔPG4 LÞ which theoretically is at least equal
to the capillary pressure difference (Bonn et al., 2009)
ΔPc ¼ γκ ¼ γ
1
R1
þ 1
R2
 
; ð1Þ
where γ is the surface tension and κ is the interface curvature
which can be expressed in terms of R1 and R2, the principal radii of
curvature of the interface. In the case of a rectangle of sides d and
h the above equation reduces to (Bruus, 2008)
ΔPc ¼ 2γ cos θeq
1
d
þ1
h
 
; ð2Þ
with θeq being the equilibrium contact angle. Note that, for static
conditions, breakthrough of gas to liquid occurs for cos θ¼ 1, i.e.
when maximum curvature is achieved, while breakthrough of
liquid to gas occurs for θ¼ θeqþ901 (Amador et al., 2003; Butt
et al., 2013). Thus the criterion for gas-to-liquid breakthrough is
ΔP42γ 1
d
þ1
h
 
¼ΔPG4 L: ð3Þ
On the other hand, liquid will be excluded from the gas phase (i.e.
it will not be collected at the gas outlet) as long as the inlet total
ﬂow rate Q is equal to or less than the sum of the local liquid ﬂow
rates for each capillary of the microseparator. Total and not liquid
ﬂow rate is considered as a worst case scenario, since the total
ﬂow rate determines the speed of the liquid slugs. If the slugs are
very long, during the time period they spend in the main channel,
the capillaries will have to pull liquid at the same rate as the total
ﬂow rate in the main channel. If there are a total number of N
capillaries at the sides of the main channel, the liquid-to-gas
breakthrough pressure difference ΔPL4G is then obtained by
taking Q¼Nq, where q is the local ﬂow rate at each capillary
which we assume to be given by the Hagen–Poiseuille law (note
that we are assuming here that the pressure drop between the end
of the capillaries and the measurement location is negligible as
compared to that along the capillaries). In particular, for a
rectangular channel, Mortensen et al. (2005) showed that the
pressure drop is given as
ΔP ¼ αηL
A2
q; ð4Þ
where η is the liquid viscosity, L and A are the length and the
cross-sectional area of the capillary, respectively, and α is a
geometric factor, which was approximated based on ﬁnite-
element simulations of the Poisson equation as
α 22
7
C65
3
; ð5Þ
where C is the compactness factor C ¼ P2r =A, with Pr being the
perimeter (see also the work of Bahrami et al., 2007 for an
alternative equation with slightly different coefﬁcients). We obtain
hence the following condition for liquid-to-gas breakthrough:
ΔPoαηL
NA2
Q ¼ΔPHPL4G; ð6Þ
where we have used the superscript HP to refer to a Hagen–
Poiseuille prescription. However, as we shall demonstrate, our
experimental results exhibit a different behaviour from that
obtained by the above formulation indicating that additional
effects come into play.
3. Experimental setup
Fig. 1a shows a schematic representation of the apparatus used
to observe capillary separation of gas and liquid, and Fig. 1b shows
a picture of the device. The chip contained N capillaries located at
both sides of a main microchannel of width w and height h in
which liquid and gas ﬂowed in a slug ﬂow pattern (see Fig. 1c).
The capillaries were separated by a distance rs and the separated
liquid was collected by two ducts that channelled it to a common
output. The length of the capillaries in all separators was L¼
100 μm. The main channel continued past the capillaries and
carried the separated gas to an output. The chip was placed in a
stainless steel compression chuck. A gas tight seal was maintained
by ‘O’ rings on either side of the chip. Tubing was connected by
Upchurch 10–32 ports. The capillaries were observed via a window
in the upper portion of the chuck (cf. Fig. 1b). PFA 1/16″ OD, 1 mm
ID tubing with Swagelok 316 stainless steel ﬁttings was used for all
connections. The total pressure drop of the gas outlet from the
capillaries to the off-chip back pressure regulator was calculated to
be 4.95103 kPa for pure gas ﬂow. The maximum pressure drop
of the liquid (water) outlet from the collection ducts to the off-chip
back pressure regulator via the bottle trap was calculated to be
0.31 kPa for pure liquid ﬂow.
Table 1 depicts the speciﬁcation for the different separators
used and Figs. 2 and 3 show the corresponding microscope images
of the P-series and GLS separators, respectively. Separators P1, P2,
and P3 have tapered capillaries with di being smaller than do, P4
has straight capillaries and GLS is designed with di being larger
than do.
3.1. Microseparator fabrication
The separator chips were fabricated using conventional semi-
conductor processing techniques. The silicon wafers were rinsed
with de-ionised water and dried at 150–200 1C for 10 min.
A thick photoresist layer (Rohm and Haas, SPR-220-7) was spin-
coated on a wafer at 4000 rpm, followed by soft-baking at 110 1C
for 90 min. The separator patterns from a photomask were
transferred to the photoresist layer using a contact aligner
(Quintel Q4000-6). The exposure energy for the photoresist was
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470 mJ/cm2, approximately equivalent to exposure of 300 nm UV
light for 35 s. The photoresist was then aged for 30 min at room
conditions to reinforce its adhesion on the silicon surface. The
patterns were developed by immersing the wafers into a standard
photoresist developer (Shipley Microposit MF-26A), for 80 s. After
thorough rinsing, a ﬁnal post-baking process at 110 1C for 90 s was
carried out.
The patterned wafers were etched by deep reactive ion etching
(STS ASE). All wafers, apart from the one corresponding to the GLS
separator, were subjected to oxygen plasma treatment (Tepla).
The etched height of the micro-channels was measured by a
surface proﬁler (Veeco Dektak 8). The wafers were cut into the
designed dimension using an automated precision dicing saw
(Disco DADS 3230). The etched chip was anodically bonded with
a glass (Corning 7740) plate with predrilled connection ports. The
silicon and glass chips were cleaned with Piranha solution at
100 1C for 15 min to ensure that there was no contaminant
attached on the bonding surfaces. They were rinsed with de-
ionized water and dried thoroughly by blowing nitrogen.
3.2. Experimental procedure
Initially nitrogen ð42 bargÞ was fed to two mass ﬂow con-
trollers (Bronkhorst 0–1 ml/min and Brooks 0–500 ml/min), the
ﬁrst was passed through a non-return valve and a pressure
indicator to a mixing tee (Upchurch, PEEK, 1 mm ID). Into this
tee was also fed the liquid stream via a syringe pump (PHD ULTRA,
Harvard Apparatus) (see Fig. 1a). The resultant gas–liquid stream
was then fed to the inlet of the separator. The gas outlet of the
separator was passed through a low-dead-volume trap (Glass vial
volume ca. 2 ml) via a pressure indicator to a manual pressure
regulator (Swagelok Compact Piston-Sensing Back-Pressure Reg-
ulator KCB Series, 0–50 psi). The liquid stream was then fed via a
pressure indicator into a 100 ml liquid trap that also had a stream
of nitrogen (20 ml/min) (fed from the second mass ﬂow controller)
entering to increase the mass ﬂow through the subsequent manual
pressure regulator. The pressure indicators (40PC series, Honey-
well, 0–2 bar) were calibrated via a digital hand-held pressure
gauge (C9555 pressure meter, Comark Ltd, 0–30 psi) and the mass
ﬂow controllers via a bubble meter. The nitrogen supply (5 bar)
was turned on and the two mass ﬂow controllers were set at
0.35 ml/min (gas inlet) and 20 ml/min (make-up stream). The
liquid and gas ﬂows were started, and the two pressure regulators
adjusted so that the gas outlet pressure indicator reads
450 mbar and the liquid outlet pressure indicator 430 mbar.
After the system had equilibrated and the pressure indicators
stabilised, the pressure difference was carefully adjusted via the
liquid outlet pressure regulator. Due to the make-up gas ﬂowing
through the liquid exit, the liquid outlet pressure stabilised within
a few seconds after adjustment while any change to the gas outlet
pressure took up to 5 min to stabilise. See Fig. 1c for an example of
a gas–liquid separation experiment.
The pressure difference was increased until gas breakthrough
was observed using a microscope (VHX-600 Digital Microscope
with VH-Z20R lens). The presence of small bubbles in the liquid
collection ducts indicated the onset of gas-to-liquid breakthrough.
To measure the liquid-to-gas breakthrough the pressure difference
ðPGPLÞ was slowly reduced until liquid was observed in the gas
outlet tubing. All pressure readings were accurate to 75 mbar.
Static gas-to-liquid breakthrough pressure differences were mea-
sured by stopping the liquid ﬂow when the capillaries and liquid
Fig. 1. (a) Process ﬂow diagram of a capillary separator apparatus. (b) Image of the
experimental device showing the separator with the location of the inlet and
outlets. (c) Sketch of a typical separator. The left bottom panel shows a magniﬁca-
tion of the microseparator area with details about the tapered capillaries. The right
bottom panel shows snapshots of a typical gas–liquid separation experiment,
where the liquid phase is depicted in red. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this paper.)
Table 1
Speciﬁcation of the separators used in this study. Spatial dimensions correspond to
widthheight. Widths were measured from microscopic pictures (Figs. 2 and 3)
and heights were measured by surface proﬁles. All units are in μm. N and rs are the
total number of capillaries (including both sides of the main channel) and capillary
spacing, respectively. The standard deviations for the capillary dimensions di, do,
and rs are consistently smaller than 0.2 μm in all separators. The values of deff and
heff correspond to sides of an effective constant cross-sectional area of a channel
obtained with COMSOL simulations (see Appendix A).
Separator Main
channel
(wh)
N rs Capillary
inlet
ðdi  hÞ
Capillary
outlet
ðdo  hÞ
Cross-
section
ðdeff  heff Þ
GLS 600300 70 92.9 47.1300 24.7300 31.1300
P1 600119 276 18.8 11.2119 25.9119 15.3119
P2 600109 300 45 5109 25.6109 10.1109
P3 600118 160 42.7 7.3118 25.6118 12.8118
P4 600125 160 42.9 7.1125 6.5125
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collectors were free of gas and the pressure difference was
increased until gas was seen to enter the capillaries.
4. Experimental results
Initial measurements were carried out using nitrogen and
water as the gas and liquid streams, respectively. The gas ﬂow
rate (QG) was ﬁxed at 0.35 ml/min and the liquid (QL) increased
from 0.003 ml/min in logarithmic steps of 1102 ml/min until
no further complete separation was observed. Close to the break-
through limit incremental linear steps were used. Each of the
separator breakthrough pressures was measured three times and
no variation was observed indicating that any experimental errors
were within the measurement error.
4.1. Static gas-to-liquid breakthrough
We considered ﬁrst the GLS separator in static conditions
(QL¼0). In this situation the gas-to-liquid breakthrough pressure
difference ðΔPG4 LÞ was measured at 4500 Pa which is 71% of the
theoretical value ðΔPc ¼ 6325 PaÞ given by Eq. (3), with γ¼
0.072 N m1, and d¼do and h given in Table 1. One possible
reason for such a discrepancy was thought to be the nature of the
capillary channel surface. During fabrication the silicon is repeat-
edly cycled between an etching phase and a passivation phase.
This passivation phase employs C4F4 which when deposited on the
channel wall forms a Teﬂon-like layer, which if not completely
removed will affect the contact angle of any liquid–gas interface
and thus the capillary pressure. It is believed that the subsequent
Piranha solution wash did not effectively remove this residue. The
literature suggests that oxygen plasma treatment can remove the
Teﬂon residues (see e.g. Lindroos et al., 2010). To this end, another
separator from the same wafer was treated with several cycles of
oxygen plasma (33 min) to clean the silicon surface. This wafer
was bonded to glass and its measured static ΔPG4 L was found to
be 8700 Pa which is signiﬁcantly higher than the untreated GLS
separator, and closer to the theoretical prediction. Given the
success of the oxygen plasma treatment in maximising ΔPG4 L,
all the P-series separators were similarly treated. The results
for the static ΔPG4 L are shown in Table 2, where we can
observe reasonable agreement with the theoretical prediction
ΔPc. The higher experimental breakthrough values may be due
Fig. 2. Microscope images of the different P-series separators used in this work. The inset shows a magniﬁcation of the capillaries.
Fig. 3. Microscope image of the GLS separator. The inset shows a magniﬁcation of
the capillaries.
Table 2
Experimentally determined breakthrough conditions for the separators. Pressure
difference and ﬂow rate are given in Pa and ml/min, and Q L and ΔP are the
corresponding values at ΔPG4 L ¼ΔPL4G . GLSn corresponds to a O2 plasma treated
separator. The ΔPG4 L=ΔPc ranges are calculated to account for measurement error.
Separator Liquid
phase
ΔPG4L static
(Pa)
ΔPc
(Pa)
ΔPG4L=ΔPc
(%)
Q L
(ml/min)
ΔP
(Pa)
GLS H2O 45007500 6325 63–79 0.119 3800
GLSn H2O 87007500 6325 130–146 0.754 500
P1 H2O 15,5007500 14,050 106–114 0.189 11,000
P2 H2O 30,0007500 30,120 98–102 0.800 17,000
EtOH 94007500 9200 97–108 0.075 7300
P3 H2O 26,0007500 21,020 121–126 0.189 16,000
EtOH 90007500 6430 132–148 0.048 7300
P4 H2O 24,5007500 21,380 112–117 0.189 20,500
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to imperfect etching, resulting in a smaller size of the opening at
the bottom of the capillary. This was conﬁrmed after cutting the
separators at the capillaries and looking at their cross-section.
4.2. Breakthrough under ﬂow conditions
For liquid ﬂow conditions ðQL40Þ, the experimental values of
both gas-to-liquidΔPG4 L and liquid-to-gas breakthrough pressure
difference ðΔPL4GÞ as functions of QL were measured for the P-
series separators. Water was the wetting phase for all the
separators and additionally ethanol for the P2 and P3 separators.
The results are presented in Figs. 4a and 5a. Attempts were made
to separate ethanol and nitrogen using the GLS separator but
this was unsuccessful. This could be due to the lower capillary
pressure and instabilities in the setup e.g. pumps. We proceed
now to analyse the different experimental results for either
breakthrough case.
Flow gas-to-liquid breakthrough: Theoretically the only factors
affecting the gas-to-liquid breakthrough pressure should be the
gas–liquid surface tension and the dimensions of the smallest
cross section in the capillary (which is the capillary inlet in Table 1
except for the GLS separator which is the capillary outlet). Note
that all these factors are accounted for in the capillary pressure
given by the Young–Laplace equation (3). Any possible correlation
between the different separators could be hence identiﬁed by
computing the ratio of the breakthrough pressure difference
ΔPG4 L to the capillary pressure difference ΔPc . Fig. 4b shows
this quantity plotted versus the liquid ﬂow rate, where we can
observe that there is a reasonable correlation between the P-series
separators.
Flow liquid-to-gas breakthrough: Fig. 5a shows the experimental
values of ΔPL4G against the liquid ﬂow rate (QL). It is initially
evident that there are two correlated groups, namely group 1: [P1
(H2O) & P2 (H2O) & P2 (EtOH) & P3 (EtOH) ] and group 2: [P3 (H2O)
& P4 (H2O)]. We note however that all separators show similar
liquid-to-gas breakthrough behaviour at low liquid ﬂow rates, and
deviations become more pronounced at high ﬂow rates. In Fig. 5b
the breakthrough pressures are scaled by 1/(NA2), that is according
to Eq. (6). The curves do not show a good correlation indicating
that the geometrical factors of Eq. (6) are not appropriate to
describe the breakthrough pressures. Indeed, if we look at the
features of the two groups of separators 1 and 2, we note that a
distinct difference between them is the number of capillaries N.
Hence, we next scale the breakthrough pressures by 1/N (Fig. 5c).
It can be seen that all P-series datasets exhibit now a good
correlation with each other, indicating that the number of
Fig. 4. (a) Experimental values of the gas-to-liquid breakthrough pressures for the
different P-series separators plotted against the liquid ﬂow rate. Panel (b) shows
the same pressures as in (a) scaled by the corresponding capillary pressure ΔPc .
Fig. 5. (a) Experimental values of the liquid-to-gas breakthrough pressures for the
different P-series separators plotted against the liquid ﬂow rate. Panel (b) shows
the same pressures multiplied by the product of the number of capillaries and the
squared capillary area A2 ¼ ðdihÞ2. Panel (c) shows the same pressures multiplied by
the number of capillaries only.
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capillaries, but not the capillary geometry, plays an important role.
It is important to emphasise that this is in agreement with the
equation derived in Section 5 (see Eq. (16)) which suggests that
the nonlinear behaviour of the breakthrough pressure as a func-
tion of Q is independent of the capillary geometry and depends on
the number of capillaries via the parameter βN (see Section 5.1 for
details).
Operating range diagrams: We present here all the experimental
data for both gas-to-liquid and liquid-to-gas breakthrough pres-
sures plotted against the total ﬂow rate (Q¼QGþQL) in the same
ﬁgure so we can deﬁne the operating ranges as the area between
both curves (see grey area in Fig. 6). The experimental data is also
compared to the theoretical prediction of Eqs. (3) and (6) which
correspond to the gas-to-liquid breakthrough pressure difference
ðΔPG4 LÞ and liquid-to-gas breakthrough pressure difference
ðΔPL4GÞ, respectively.
The theoretical results for liquid-to-gas breakthrough were
obtained by means of computations of the commercial CFD soft-
ware COMSOL (see Appendix A). We ﬁrst note that at low ﬂow
rates ðQo0:4 ml=minÞ the gas-to-liquid breakthrough pressure
difference exhibits a nearly constant behaviour which is in reason-
able agreement with the theoretical prediction of Eq. (3), espe-
cially for the P1, P2 and P4 separators. For slightly higher ﬂow
rates ð0:4oQo0:55 ml=minÞ the experimental results exhibit
high deviations from the theoretical values which become higher
for Q40:55 ml=min (see experiments for separator P2 with
water) indicating that at this range of ﬂow rates other effects
occurring at the entrance of the capillaries may need to be taken
into account.
On the other hand, we also note that the linear behaviour for
the liquid-to-gas breakthrough which is predicted in Eq. (6) is not
observed. It is worth mentioning though that the stable operating
ranges as depicted in Fig. 6 decrease with the ﬂow rate, something
that has also been reported in liquid–liquid separators (see Castell
et al., 2009, Fig. 5). To understand better the experimental results
we develop in the next section a theoretical approach that takes
into account additional factors such as the pressure drop along the
liquid slug.
5. Theoretical framework and computations
5.1. Liquid-to-gas breakthrough theory
Following the experimental setup described in Section 3, we
consider a liquid–gas slug advancing through a microseparator
which is compound of N tapered capillaries placed on each side of
the main channel and separated apart by a distance rs (see Fig. 7).
In this situation the speed of the slug is approximately
ðQLþQGÞ=Am, where Am¼hw is the area of the main channel.
Fig. 6. Stable operating ranges (grey areas) of the different separators. Q ¼QGþQL represents the total ﬂow rate. Circles (○) and squares (□) correspond to the gas-to-liquid
and liquid-to-gas breakthrough pressures, respectively. Triangles ð▵Þ and diamonds ð⋄Þ correspond to the theoretical values of Eqs. (3) and (6), respectively.
Fig. 7. Liquid slug advancing into a two-dimensional microchannel. Computations
were done with the CFD software TransAT.
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Assuming that the slug is covering all capillaries, the critical state
for which the liquid slug does not advance through the main
channel and is being imbibed by the capillaries is achieved
whenever the sum of all the capillary ﬂow rates is balanced by
the main channel inlet ﬂow rate, which we assume to be given by
the total ﬂow rate Q ¼ QLþQG. If we denote the ﬂow rate at each
capillary as qn, the condition is mathematically described as
Q ¼ 2 ∑
N=2
n ¼ 1
qn: ð7Þ
In contrast to assuming that qn is the same for all the capillaries as
we did in Section 2 we consider now that the ﬂow rate qn actually
depends on the position of the capillary along the main channel,
so that for each capillary we have the Hagen–Poiseuille law
applied locally
qn ¼ αc
ΔPn
ηL
; ð8Þ
where we have deﬁned αc to be a generic geometrical factor, and
ΔPn ¼ PnPL is the pressure drop along the capillary, where Pn is
the pressure right at the entrance of the capillary n, i.e. at the
beginning of the capillary and in the middle of di, and PL its exit
pressure, which is controlled externally (note that we are assum-
ing negligible pressure drop up to the measurement point). Pn is
not known a priori and needs to be estimated. To this end we are
going to consider that the pressure ﬁeld inside the liquid slug is
given by the Laplace equation, ∂2xPðxÞ ¼ 0. This means that we are
essentially assuming most of the ﬂow along the vertical (cross-
stream) direction y of the main channel occurs right at the
entrance of the capillaries so we can approximate the pressure
inside the slug to be independent of y (this can also be justiﬁed
within a slow-slug motion approximation). By imposing the
following boundary conditions at the gas–liquid and liquid–gas
interfaces of the slug: Pð0Þ ¼ P1 and PðLSÞ ¼ P2 (see Fig. 7) we
obtain the following expression:
PðxÞ ¼ P1
P1P2
LS
x; ð9Þ
where LS is the length of the liquid slug. The pressure Pn at the
entrance of each capillary can ﬁnally be obtained by rewriting the
above expression in a discrete form. In particular, we take that
xn ¼ nΔx for n¼1,…, N/2 so we get
Pn ¼ P1n
P1P2
LS
Δx; ð10Þ
whereΔx¼ diþrs is the sum of the capillary inlet width di and the
capillary separation rs.
By inserting Eq. (10) into (7) via (8) we obtain the following
relation:
ηL
αcN
Q ¼ P1ð1βNÞþP2βNPL; ð11Þ
where βN ¼ΔxðN=2þ1Þ=ð2LSÞ. It is important to remark here a few
points. First, we are considering the limit case where the liquid
slug is sufﬁciently large so it covers all capillaries. In this situation,
and for a given ﬂow rate, the achievement of the separation
process can be considered independent of the initial slug length as
long as Eq. (7) is satisﬁed (note that only the duration of the
separation process will depend on the slug length). We therefore
take a generic slug length which is equal to the length of the
microseparator, i.e. LS ¼ΔxN=2, giving rise to βN ¼ ðNþ2Þ=ð2NÞ.
Second, and based on the experimental observations of Fig. 1c and
the CFD computations presented in the next section (see Fig. 10b),
we assume that during the critical separation process (which gives
the liquid-to-gas breakthrough pressure) the advancing liquid/gas
interface remains stationary while the receding gas/ interface
advances at a speed dictated by the ﬂow rate.
Based on these considerations, we proceed to the next and ﬁnal
step to determine the pressure difference across the gas–liquid
and liquid–gas interfaces of the liquid slug, i.e. ΔP1 ¼ PinP1 and
ΔP2 ¼ PGP2, respectively, where Pin is the gas pressure at the
inlet of the main channel and PG at the outlet, which is controlled
externally. As stated above, we consider the advancing liquid/gas
interface to be stationary and hence ΔP2 can be considered to be
constant and equal to the equilibrium capillary pressure difference
of the main channel, which we denote as Pmc and is given by the
Young–Laplace equation (3) applied to the main channel, i.e.:
Pmc ¼ 2γ cos ðθeqÞ
1
h
þ 1
w
 
ð12Þ
so that we have ΔP2 ¼ Pmc , where θeq is the equilibrium contact
angle and w and h are the transversal width and height of the
main channel, respectively (see Table 1). On the other hand, we
shall assume that the apparent contact angle θ1 at the gas–liquid
interface of the main channel is affected by the ﬂow rate, and is
given by the relation (Bonn et al., 2009; Kreutzer et al., 2005)
ðπθ1Þ3 ¼ ðπθeqÞ3þλCa; ð13Þ
where λ is a constant that depends on the microscopic pro-
perties at the contact point level, and Ca¼ ηU=γ is the capillary
number with U¼Q/Am being a typical velocity. By taking then
that the pressure difference across interface 1 will be given by
the Young–Laplace relation ΔP1 ¼ PinP1 ¼ 2γ cos ðθ1Þð1=hþ1=wÞ,
and assuming small contact angles so that cos ðθ1ÞC1θ21=2, we
obtain
P1 ¼ Pin
Pmc
cosθeq
þ P
m
c
2 cosθeq
½πððπθeqÞ3þλCaÞ1=32: ð14Þ
By substituting the expressions for P1 and P2 into Eq. (11) we ﬁnally
obtain
ΔPL4G ¼ Pmc ΛNþðPGPinÞð1βNÞþ
ηL
αcN
Q
 1βN
2 cos θeq
Pmc ½πððπθeqÞ3þλCaÞ1=32; ð15Þ
where ΛN ¼ βNþð1βNÞ= cos θeq. The above expression contains
unknown parameters which need to be ﬁtted from experimental
data. In particular, we will rewrite it as
ΔPL4G ¼ 
1βN
2 cos θeq
Pmc ½πððπθeqÞ3þa3Q Þ1=32
þPmc ΛNþa1þa2
ηL
Nαc
Q ; ð16Þ
where a1 has to be of similar order to P
m
c  1:4 103 Pa, a2 is the
geometrical correction due to tapered channels and deviations from
the Hagen–Poiseuille law, and a3 ¼ λη=ðhwγÞ contains information
about the microscopic details of the contact line.
The numerical results of the experimental data ﬁts are pre-
sented in Fig. 8. We have considered here an equilibrium contact
angle of θeq ¼ 201 as we are assuming small contact angles (other
values, namely 51 and 101, have also been considered observing no
quantitative difference in the results). We observe that the
experimental data can be described by Eq. (16). The numerical
values of the data ﬁts are presented in Table 3 and they have the
expected orders of magnitude. Although the above analysis does
not provide closure and leaves three parameters, a1,2,3, to be
determined experimentally, it does provide the exponent 2/3 for
the Q dependence of ΔPL4G in Eq. (16) which is crucial for the
good agreement with the data in Fig. 8.
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5.2. Computations
Following the experimental designs for the separators, we
perform a CFD-type computational modelling with a similar
structure to that in the separator P2 which consists of tapered
capillaries of L¼100 μm length and an inlet and an outlet width of
di¼5 and do¼25 μm, respectively. We use the commercial CFD
code TransAT (Transport phenomena Analysis Tool, http://www.
ascomp.ch/transat.html), developed at ASCOMP, a multi-physics,
ﬁnite-volume code based on solving multi-ﬂuid Navier–Stokes
equations. The code uses multi-block structured meshes, along
with MPI based parallel capabilities. The system is nondimensio-
nalised by using the microchannel width (w¼600 μm) as a length
scale, a nominal velocity of U¼101 m/s, and the time scale of
T¼L/U. We impose a constant gas ﬂow rate in a two-dimensional
(2D) system of a liquid/gas slug (see Fig. 9).
In this situation, we initially place a liquid slug covering all the
capillaries (see left panels of Fig. 9) and ﬁx a zero gas ﬂow rate and
zero pressure gauge at the capillaries outlet (i.e. PL¼0) until the
equilibrium state is reached. By doing this, we make sure that the
initial state before turning on the gas ﬂow rate is that dictated by
the corresponding equilibrium contact angle (which we have
considered to be either θeq ¼ 201 or 451, observing that the results
did not change for this range of small angles). Once the equili-
brium state has been reached we turn the gas ﬂow rate on and
change the pressure PL at the capillaries outlet until we observe
that the liquid slug does not advance, indicating hence that
condition (Eq. (7)) is achieved and we have reached the break-
through critical pressure difference ΔPL4G (see middle panels in
Fig. 9). Note that for pressure differences below ΔPL4G the total
sum of the ﬂow rates of the capillaries cannot balance the imposed
gas ﬂow rate of the main channel and as a consequence the liquid
slug advances through the main channel (top panels in Fig. 9). On
the other hand, for pressure differences higher than ΔPL4G,
the total ﬂow rate coming out from the capillaries is higher than
the gas ﬂow rate so the liquid can be completely absorbed by
the capillaries achieving an optimal condition for the separator
(see bottom panels in Fig. 9).
The breakthrough pressure differences for different ﬂow rates
are presented in Fig. 10 where we observe a linear behaviour at
relatively low ﬂow rates. It should be noted that for gas ﬂow rates
higher than 0.17 (in non-dimensional units) the gas–liquid inter-
face on the left-hand-side of the slug starts to exhibit ﬁngering
leaving a thin-ﬁlm of liquid behind (see Fig. 11). At this point, the
slug starts to break into small droplets and the separation process
is not efﬁcient anymore. The reason why we do not observe the
Fig. 8. Experimental values of the liquid-to-gas breakthrough pressure for water
(squares) with a data ﬁt curve (red solid line). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this
paper.)
Table 3
Numerical values from the experimental data ﬁts.
Separator a1ð103Þ a2 a3ð104Þ
P1 3.3 37.4 68.7
P2 4.2 7.8 32.3
P3 5.9 25.4 62.5
P4 4.5 17.3 62.4
Fig. 9. 2D numerical computations of the separator P2 by imposing a constant gas ﬂow rate at the inlet of the main channel. Top panels show an example of a pressure
difference ΔP ¼ PGPL being below the critical breakthrough pressure difference. Panels in the middle correspond exactly to the breakthrough pressure, and the bottom
panels above it. Computations were done with TransAT and the numerical values are given in dimensionless units.
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experimental nonlinear behaviour of ΔPL4G as a function of Q in
the computations can be attributed to a nontrivial interaction
between the imposed gas and the liquid ﬂow rate at the entrance
of the experimental main channel which in turn prevents the slug
developing ﬁngering phenomena. Note however that ﬁngering
phenomena and in particular the formation of thin ﬁlms are quite
difﬁcult to observe experimentally and the precise effect of
residual liquid on multiphase ﬂows in microchannels is something
not well-known (see e.g. Cheah et al., 2013). Also, note that three-
dimensional effects, such as corner ﬂows, which could be relevant
in the experiments, especially at high ﬂow rates, are not taken into
account in the 2D simulations.
6. Conclusions
We have presented a combined experimental–theoretical study
of gas–liquid capillary separation in microsystems comprising a
main channel with a series of capillaries which are attached to
either side of it. Due to the capillary pressure the multiphase ﬂow
passing through the main channel can be separated so that the
liquid is absorbed by the small capillaries while the gas phase is
collected at the outlet of the main channel. We have considered
capillaries with either constant or tapered cross-sectional area.
Gas-to-liquid breakthrough under static conditions is in reason-
able agreement with the predictions of the Young–Laplace
equation.
Under continuous ﬂow conditions our experimental results
have revealed that the gas-to-liquid breakthrough pressures are
in qualitative agreement with the theoretical capillary pressures at
relatively low ﬂow rates, showing some deviations at higher ﬂow
rates. On the other hand, we have observed that the liquid-to-gas
breakthrough pressures exhibit a nonlinear relation with the
imposed liquid ﬂow rate at the inlet of the system. This behaviour
cannot be captured by a simple Hagen–Poiseuille law description.
To this end we have developed a theoretical approach that takes
into account the effects of the ﬂow on the interface curvature of
the liquid–gas slug, which we have been able to ﬁt with the
experimental data. The derivation of this equation has been partly
based on observations from CFD simulations of microseparators
that showed that the advancing liquid/gas interface of the slug is
not affected by the ﬂow rate at the breakthrough pressure. In
addition, we have observed from CFD simulations that at high inlet
ﬂow rates several non-trivial phenomena start to be important,
and in particular our numerical results have shown the emergence
of ﬁngering and interface breaking.
Therefore, the operating ranges of the microseparator
(i.e. breakthrough pressures) strongly depend on the inlet ﬂow
conditions of the system, something that needs to be taken into
account in the design and operation of such units. There are of
course several open questions, i.e. how the particular geometry of
the capillaries (Amador et al., 2003; Yatsyshin et al., 2013) and the
presence of additional complexities associated with wetting
(i.e. hydrophobic conditions, Queralt-Martín et al., 2011 or chemi-
cal/topographical heterogeneities, Savva et al., 2010; Wylock et al.,
Fig. 11. Example of computations of high gas ﬂow rate. As shown in the bottom
panels, the gas–liquid interface leaves a thin ﬁlm and starts to develop a ﬁnger until
it breaks into small droplets.
Fig. 12. Different capillary geometries used with COMSOL software to calculate the
corresponding pressure drop.
Fig. 10. 2D numerical results of the breakthrough pressure as a function of the
imposed constant total ﬂow rate Q of the separator P2. Computations were done
with TransAT and the values are given in dimensionless units.
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2012; Vellingiri et al., 2011; Schmuck et al., 2012) affect liquid–gas
ﬂows in microﬂuidic devices. We shall address these and related
issues in future studies.
Nomenclature
A area of the capillary ðμm2Þ
Am area of the channel ðμm2Þ
C compactness factor
Ca capillary number
d0 capillary outlet width (μm)
di capillary inlet width (μm)
deff ; weff sides of effective channel (μm)
h height of the main channel (μm)
L length of the capillary (μm)
LS liquid slug length (μm)
N total number of capillaries
PG pressure at the gas outlet (Pa)
PL pressure at the liquid outlet (Pa)
ΔP gas–liquid pressure difference (Pa)
Pmc channel Young–Laplace ΔP ðPaÞ
ΔPc capillary Young–Laplace ΔP ðPaÞ
ΔPG4 L gas-to-liquid breakthrough ΔP ðPaÞ
ΔPL4G liquid-to-gas breakthrough ΔP ðPaÞ
Pin gas pressure at inlet (Pa)
Pn pressure at capillary entrance (Pa)
Pr channel perimeter (μm)
Q total ﬂow rate (ml/min)
QG gas ﬂow rate (ml/min)
QL liquid ﬂow rate (ml/min)
q capillary local ﬂow rate (ml/min)
R1;R2 radii of interface curvature (μm)
rs separation between capillaries (μm)
U typical velocity (μm/s)
w width of the main channel (μm)
Greek symbols
α;αc geometric factors
γ gas–liquid surface tension (mN/m)
η liquid viscosity ðPa sÞ
θ contact angle (deg)
θeq equilibrium contact angle (deg)
κ interface curvature (μm)
λ microscopic interactions
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Appendix A. Computations of the Hagen–Poiseuille ﬂow
The numerical results presented in Fig. 6 that correspond to the
Hagen–Poiseuille equation (6) for the tapered capillaries (as well
as the data in Table 1) can be easily obtained by means of COMSOL
computations as follows. We ﬁrst considered simple geometries
like those depicted in Fig. 12(a–c) and computed numerically the
pressure drop. In all cases we found very good agreement with the
theoretical prediction of Eq. (6) and the corresponding numerical
values. Next, we constructed tapered geometries as the one shown
in Fig. 12d and computed numerically the pressure drop versus the
ﬂow rate. The obtained data was used in conjunction with Eq. (6)
to determine the appropriate equivalent constant cross-sectional
channel to use when calculating the pressure drop in Fig. 6 (see
the values of these effective cross-sectional areas in Table 1). We
used the values of η¼ 0:001 Pa s and η¼ 0:0012 Pa s for the
viscosity of water and ethanol, respectively.
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